Abstract. Local mode spectroscopy and ab initio modeling are used to investigate two trigonal defects found in carbon rich Si into which H had been in-diffused. Isotopic shifts with D and 13 C are reported along with the effect of uniaxial stress. Ab-initio modeling studies suggest that the two defects are two forms of the CH * 2 complex where one of the two hydrogen atoms lies at an anti-bonding site attached to C or Si respectively. The two structures are nearly degenerate and possess vibrational modes in good agreement with those observed experimentally. The defects are energetically favorable in comparison with separated C s and H 2 in Si and may represent aggregation sites for hydrogen.
Introduction
Hydrogen and carbon are common interstitial and substitutional impurities respectively in silicon [1, 2] . The single hydrogen defect is highly mobile and is easily trapped by impurities and lattice defects. One prominent defect found in proton implanted Si, or Si containing H which has been e-irradiated, is the trigonal H * 2 center which contains two inequivalent H atoms. One H atom lies at a bond centered site and the other at a neighboring anti-bonding site [3] . It might be expected that dilated Si-Si bonds due to the strain field surrounding substitutional carbon atoms will be trapping sites for H. However, the greater binding energy of H with C rather than Si [4] suggests that H will attach directly to C. Examples of defects where H bonds to Si rather than C are given in ref. [5] while ref. [6] exemplifies the second defect type. Competition between chemical binding energy and strain can also lead to multiple distinct defects with the same stoichiometry [7] .
Recently, several local vibrational mode (LVM) lines were observed in carbon-rich Si crystals treated in a hydrogen ambient at high temperatures [8] [9] [10] . As an example, Fig. 1 shows sections of infrared absorption spectrum of a carbon-rich Si sample which was subjected to a heattreatment in H 2 gas at 1350
• C. Some of the lines were found to have identical annealing behaviors suggesting that appropriate sets of lines could be related to particular crystal defects having several local vibrational modes [8, 9] . Indeed, it was shown in ref. [8] that the lines Fig. 1 . Sections of absorption spectra measured at 10 K with a resolution of 0.1-0.5 cm −1 for samples doped with 12 C which was subjected to a heat-treatment in H 2 gas at 1350 • C. Table 1 . Following previous theoretical results [11] , it was suggested that this complex is a H * 2 defect trapped near C. There are two possible trigonal forms of the CH * 2 center where anti-bonding sited H is bonded to Si or C (Fig. 2) . In a recent work we have preliminary identified another set of LVM absorption lines as related to other form of the CH * 2 defect, labeled (CH * 2 ) 1 [10] . The present paper gives further experimental data and the results of ab-initio modeling on the two forms of the CH 
Experimental and theoretical details
Samples for this study were prepared from lightly-doped n-type and p-type float-zone-grown Si crystals with different carbon concentrations in the range (1.5-3.0)×10 17 cm −3 . A few samples were prepared from a crystal enriched with 13 C isotopes to about 8 × 10 17 cm −3 . Hydrogen and/or deuterium was introduced by a heat treatment at 1250-1350
• C for 30 min or 1 h in a H 2 (D 2 ) gas ambient at a gas pressure of about 1.0 or 1.5 atm., followed by a quench. The isochronal annealing was carried out in an argon atmosphere in temperature steps of 25
• C in the range of 100-450
• C, for 30 min at each temperature. The thickness of the samples was in most cases about 6 mm. The samples used for the uniaxial stress measurements had dimensions 10×3×2 mm 3 . Optical absorption spectra were measured by Fourier transform infrared (FT-IR) spectrometers at ∼ 10 K. The spectral resolution varied from 0.1 to 0.5 cm −1 . The properties of CH * 2 defects in silicon, were investigated by a local density-functional technique as implemented in the aimpro code [12] . The defects were inserted into 64 atom supercells and a 2 3 Monkhorst-Pack k-point sampling scheme used to integrate over the band structure [13] . The basis consisted of independent s-and p-Gaussian orbitals, with four different exponents, sited at each Si atom, four at the carbon atom, and three at the H atom. In addition, a single set of s-and p-Gaussian functions was placed between every neighboring pair of atoms. The Hartree and Perdew-Zunger [14] exchange-correlation energies were calculated using a plane-wave intermediate fit with an energy cut-off of 200 Ry. All atoms were allowed to relax
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by a conjugate gradient method. The second derivatives of the energy were found for the atoms of the defects and their immediate neighbors, allowing vibrational modes to be calculated from the dynamical matrix, with additional entries in the matrix constructed from a Musgrave-Pople potential (further details are given in ref. [15] ). (Fig. 3) . This suggests that they originate from the same defect. The positions of the lines of this complex, labeled (C-H * 2 ) 1 , in Si crystals containing different C and H isotopes are given in Table 2 . The shift of the 665.3 cm −1 line with 13 C and D (Fig. 4a) demonstrates that the defect contains one C and at least one hydrogen atom. Inspection of the shifts of the 2210.4 cm −1 line, as well as its splitting in the mixed H+D case (Fig. 4b) , shows that there should be two weakly interacting H atoms, one of them being attached to a silicon atom. This is evidenced by the observation of silicon isotope shifts for the 2210.4 cm −1 line. Fig. 5 shows weak satellite lines on the low-energy side of the main line due to the presence of the naturally occurring isotopes 29 Si (4.7% abundant) and 30 Si (3.0%). A line at 2688.5 cm −1 (Fig. 1c ) was found to have annealing behavior similar to that of the lines at 665.3 and 2210.4 cm −1 . The line at 2688.5 cm −1 is rather weak, however, and large errors in the determination of its integrated intensity do not allow us to give an unambiguous correlation in annealing behavior for all the above mentioned lines.
Results
Figures 6 and 7 show the effect of uniaxial stress on the 2210.4 cm −1 mode. The number of lines and their relative intensities for each orientation and light polarization are consistent with a non-degenerate vibrational mode (A 1 ) of a trigonal center (C 3v point group) [16] [17] [18] . The values of the A piezospectroscopic tensor components were found to be A 11 =2.70 ±0.1 cm
and A 22 =4.15 ± 0.1 cm −1 GPa −1 .
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Fig . 4 . a) Difference absorption spectra measured at 10 K with a resolution 0.5 cm −1 for 1) a Si: 12 C sample doped with hydrogen and 2) a Si: 13 C sample doped with hydrogen (spectra of a Si: 12 C sample and a Si: 13 C sample doped with deuterium were used as reference spectra for spectra 1) and 2), respectively); b) Details of infrared absorption spectra, measured at 10 K with a resolution 0.1 cm −1 , on 12 C-rich and 13 C-rich Fz-Si samples, which were doped with hydrogen, deuterium and H+D mixture (50% + 50%). Multiplication factors for different parts of the spectra are indicated. All the samples were treated in H(D) gas ambient at 1350 • C for 30 min with a gas pressure of about 1.5 atm. Stress, GPa
Stress, GPa
All combinations of pairs of hydrogen atoms at bond-center and anti-bonding sites within one and two neighboring sites of substitutional carbon were considered in the theoretical modeling. After full structural relaxation, two degenerate structures with C 3v symmetry were found to possess the lowest energy by at least >0.4 eV. These structures are similar to the H * 2 defect [3] and are shown in Fig. 2 . The relative binding energy of the two degenerate CH * 2 defects with respect to separated C s and H 2 was found to be 0.79 eV (H 2 is considered to be slightly lower in energy than H * 2 [19] ). The calculated LVMs are given in Tables 1 and 2 . The calculated Si-H stretch mode in SiH bc CH ab (Fig. 2a) at 2172 cm −1 is close to the observed mode at 2210.4 cm −1 . For this structure there are C-H stretch and bend modes at 2665 and 1018 cm −1 respectively. The calculated mode at 2665 cm −1 is close to the experimentally observed line at 2688.5 cm −1 giving further support for assignment of this line to C-H stretch mode of the SiH bc CH ab complex. We assign the observed mode at 665.3 cm −1 to the E C−Si mode at the same frequency. The isotopic shifts are in good agreement with the experimental ones. Accordingly we assign the (CH * 2 ) 1 defect to SiH bc CH ab . We turn now to the previously reported modes of (CH * 2 ) 2 [8] . These are in good agreement
with the calculated modes of CH bc SiH ab shown in Fig. 2b . In particular, the C-H and Si-H stretch modes observed at 2752 and 1922 cm −1 are close to the calculated ones at 2736 and 1923 cm −1 . The Si-H wag mode at 792 cm −1 is close to the calculated one at 812 cm −1 . Similarly, there is good agreement with the isotopic shifts. Accordingly, we assign the (CH * 2 ) 2 defect to CH bc SiH ab .
Finally, for completeness, the stress-energy B-tensor for both forms of H * 2 were calculated. These tensors have not yet been experimentally measured. The tensors are evaluated directly by first relaxing the volume of the cubic cell and then calculating ∂E/∂ ij with Cartesian axes, where ij is the strain [12] . For trigonal defects the tensor has principal values 1 2 B 11 = −B 22 = −B 33 with the principle directions 1 1 1 (along the C 3 axis), 1 1 0 and 1 1 2 . The values of B 11 for H ab CH bc Si and H ab SiH bc C were found to be 7.69 and 11.15 eV per unit strain. The fractional volume change for the defects in a 64 atom cubic cell were found to be 0.2% and 0.3% respectively, i.e., ∆V /V 0 = 64 × 0.2%. So the volume change caused by the defect is just 0.1 × V 0 where V 0 is volume of Si atom (defined as a 3/8 0 ). The identification of the LVMs of SiH bc CH ab allowed us to estimate the concentration of the complex and calculate effective charges of Si-H and C-H stretch modes from experimentally determined values of integrated absorption coefficients of the LVM lines. The effective charge η of a mode can be defined by the equation [20] :
where α is the absorption coefficient, σ is the vibrational frequency, N is the concentration of a defect, n R is the refractive index of the material, c is the velocity of light, and m is the mass of the vibrating atom. The frequency of the 665.3 cm −1 mode is close to the local mode of C s at 607 cm −1 , and the Si-C bands are similar to those of C s . Therefore, we assume that the effective charge η C of the Si-C mode of SiH bc CH ab at 665.3 cm −1 is nearly the same as that of the C s mode at 607 cm −1 , which is known to be 2.4e [21] . It should be mentioned, however, that the 665.3 cm −1 mode is two-dimensional, while the C s mode at 607 cm −1 is three-dimensional. A factor of 2 3 should be applied, therefore, to correct for this and so, η c = 2 3 ×2.4e 2.0e. From the absorption spectrum shown in Fig 1(a) the integral of α 665 (σ) was found to be 0.135 cm −2 . With this value and the above estimated effective charge, the concentration of SiH bc CH ab was calculated to be about 2.9 × 10 15 cm −3 . This is a reasonable value, as the total concentration of hydrogen introduced by heat treatment at 1350
• C at a gas pressure of 1.5 atm can be estimated as (1-3)×10
16 cm −3 [22, 23] and some of these hydrogen atoms are involved in other complexes as is evidenced by the observation of a number of other H-related LVM lines in absorption spectra.
The value of integrated absorption of 2210.4 cm −1 line was found to be 0.009 cm −2 . With the above estimated value of the defect concentration, the value of the effective charge of this mode (Si-H stretch) was calculated to be about 0.15e. From the value of integrated absorption of the 2688.5 cm −1 line, 0.0035 cm −2 , the effective charge of C-H stretch mode was estimated to be about 0.09e. The calculated value of the effective charge of C-H stretch mode is about half of that of the Si-H stretch mode. The small values of effective charges of C-H stretch modes are one of the reasons for difficulties in their observation by LVM spectroscopy.
The CH * 2 defects are very stable. The binding energy of a hydrogen molecule to substitutional carbon in the CH * 2 defect is 0.8 eV. This binding energy accounts for the stability of the defects which survive up to 400
• C, in contrast to isolated H * 2 which anneals at <200 • C [3] . It should be noted, however, that is not clear at the moment what the main mechanism of the elimination of the CH * 2 complexes is. Either it may be by dissociation or transformation to other complexes. For example by adding one or more H atoms. We have found that further hydrogen atoms can Defect and Diffusion Forum Vols. 221-223also be bound at or by carbon leading to a number of stable C-H n complexes. This finding is consistent with an experimental observation of a simultaneous disappearance of CH * 2 -related LVM lines and an increase in intensities of a number of other LVM lines [9, 24, 25] . Particularly, the intensities of lines at 674.5, 683.7, 2131.6, 2192.0, 2202.8 and 2940.3 cm −1 increased upon annealing in the temperature range of 250-350
• C, while the intensities of LVMs due to CH * 2 decreased. One of the most stable C-H n configuration was found to be a C s (H * 2 ) 2 defect. One of the C 2v forms of this structure, consisting of two H * 2 units both involving a shared carbon atom as C s (H bc ) 2 · · ·(SiH ab ) 2 , is bound by 1.5 eV compared to C s + 2×H 2 . This form of aggregation is distinct from the hydrogen platelets created in plasma treated Si [26] , one of form of which having been suggested to be due to sheets of H * 2 units in (111) planes [27, 28] .
Summary
Two H-related defects have been investigated by local mode spectroscopy and ab initio modeling. Unlike carbon lean material where no lines (except some traces of H * 2 ) are observed in the frequency ranges of 790-820, 1920-2230 and 2680-2950 cm −1 after heat treatments at 1200-1350
• C in H 2 gas, two strong LVM lines are observed at 1921.8 and 2210.4 cm −1 in carbon rich material treated with hydrogen. These lines are identified with Si-H stretch modes of two forms of CH * 2 defects where H lies anti-bonded to Si and C atoms respectively. Several other modes are observed in each defect and related to particular atomic displacements. These defects are formed by breaking lattice bonds and are ∼ 0.8 eV more stable than a hydrogen molecule near a carbon impurity.
A pair of molecules can also be trapped by a carbon impurity leading to bond breaking and the formation of two H * 2 species. This defect possesses C 2v symmetry. Thus, it does not appear that the presence of carbon favors (111) platelet growth.
